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Contribution of the urea appearance rate to diuretic—induced azotemia
in the rat. Studies were performed to evaluate the contribution of the
urea appearance rate to the elevated plasma urea concentration found
during diuretic—induced sodium depletion. Negative sodium balance of
—1162 + 29 Eq/l00 g body wt was induced over a four day period by
the administration of furosemide, 20 to 30 mg/kgld i.p., to rats ingesting
a sodium free diet. When compared with sodium replete controls,
sodium depletion significantly increased the plasma urea concentration
(65.0 3.1 vs. 26.4 1.1 mg/dl) through both an increase in the urea
appearance rate (160 5.2 vs. 125 3.5 mglday/100 g body wt), and a
decrease in the urea clearance rate (1.99 0.14 vs. 3.16 0.12
mI/mm/kg). The urea appearance rate a) increased on the first day of
diuretic administration, b) remained elevated three days after stopping
diuretics, c) rapidly returned to control levels after sodium repletion,
and d) was significantly correlated with the magnitude of sodium deficit.
Similar results were obtained when diuretic—induced sodium depletion
was produced in adrenalectomized animals. After four days of sodium
depletion the plasma concentration was increased for some amino acids
but not for the plasma total amino acid, nitrogen concentration. The
results indicate that sodium depletion increases the urea appearance
rate through a mechanism that is independent of adrenal function,
Thirty to sixty percent of the elevation in plasma urea concentration
that occurs in the rat during diuretic—induced sodium depletion can be
accounted for by an enhanced urea appearance rate.
Azotemia is a common complication of diuretic therapy [11,
usually attributed to a decrease in renal urea clearance [2]. The
plasma urea concentration, however, is a function of the rates
of both urea clearance and urea production. Indeed, it has
previously been demonstrated in man that an increase in the
urea appearance rate (urea excretion rate plus change in total
body urea) contributes to the elevated plasma urea concentra-
tion, which occurs during sodium depletion induced by sweat-
ing [3] or with the adaptation to a warm climate [4]. These
observations were interpreted to suggest that sodium depletion
stimulates adrenal steroid secretion resulting in both sodium
retention and increased protein catabolism [3]. An increase in
the urea appearance rate also contributes to the azotemia found
in a number of clinical states including renal failure [5, 6],
steroid administration [7, 8], trauma [9], sepsis [10], and con-
gestive heart failure [11—13].
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The effects of diuretic—induced volume depletion on the urea
appearance rate have not been adequately studied in either
animals or human subjects. In addition, there have been no
studies of the effect of sodium depletion on urea appearance in
adrenalectomized subjects. In a preliminary study we presented
data which suggested that the urea appearance rate is increased
during diuretic—induced azotemia [14]. The present experiments
were designed to carefully examine the relation between so-
dium balance and the urea appearance rate in diuretic treated
rats with attention to the a) separate contributions of changes in
urea clearance and urea appearance to the azotemia, b) effects
of adrenalectomy and dietary protein content, c) time course of
the changes in urea appearance during and after the period of
diuretic administration, and d) associated changes in extracel-
lular fluid volume.
Methods
All studies were performed with Holtzman strain, Sprague—
Dawley male rats weighing between 250 and 360 grams.
Diuretic—induced sodium depletion was produced using furose-
mide by six different protocols: A, Al, A2, and A3 in normal
rats on a protein containing diet, B in normal rats tube fed a
protein free diet and C in adrenalectomized rats. In each
experiment there were six to nine animals in the experimental
group and a comparable number in a control group. During the
experimental period the animals were housed in metabolic
cages with a mechanism for separation of urine and stools. The
urine was collected into cups containing 100mg of thymol, 5mg
of phenylmecuric nitrate, and 10 ml of mineral oil.
In each of the protocols to be described, an experimental
group consuming a sodium free diet was depleted of sodium by
the administration of 20 to 30 mg/kg/day of furosemide i.p.
(parenteral Lasix, Hoechst), a dose shown in preliminary
experiments to give maximal rates of sodium excretion. The
sodium content of the injection was considered in the calcula-
tion of the sodium balances. A pair—fed control group also
received furosemide but was maintained sodium replete by the
addition of sodium chloride to either the diet, drinking solutions
or tube feeding solutions. Potassium balance was kept near zero
in both the sodium depleted animals and in the sodium replete
controls by the addition of an appropriate amount of potassium
chloride to their diets. At the end of each 24 hour period the
cage funnels were washed into the collection cups with 20 ml of
deionized distilled water. Urine sodium and potassium concen-
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trations were determined daily to permit calculations of the
ongoing sodium and potassium balances. The daily cumulative
sodium and potassium balances were used to determine the
amount of sodium chloride given to the sodium replete controls
and the amount of potassium chloride added to the diets of both
the sodium depleted animals and the sodium replete controls.
Protocol A. Diuretic—induced sodium depletion in rats fed a
protein containing diet
These studies were done to examine the effects of sodium
depletion on urea metabolism in normal animals consuming a
diet of normal nitrogen and caloric content. Two experiments
were performed under this protocol. Prior to beginning an
experiment, the animals were allowed to adapt to the metabolic
cages for three to four days. During this period they were given
the same diet to be consumed during the experimental period
(low Na-K diet, ICN) except that it was supplemented with
normal amounts of sodium and potassium (13.4 g NaCl and 6.1
g KClIkg diet). Analysis of the diet using a micro Kjeldahl
technique showed a nitrogen content of 2.59% (16.5% casein).
During the four day experimental period, both the experimen-
tal and the control groups were given furosemide while con-
suming the low Na and K ICN diet supplemented with sufficient
potassium chloride to maintain potassium balance. The exper-
imental group was permitted distilled water ad libidum; because
urine sodium losses were not replaced, the experimental group
became progressively sodium depleted. The control group was
maintained sodium repleted by the addition of sodium chloride
to their drinking solutions at a concentration which varied from
55 to 100 m, depending on the response to the diuretics. The
sodium chloride concentration of the drinking solution for the
sodium replete controls, and the amount of potassium chloride
added to the diets of both groups was determined for experi-
mental day one by preliminary experiments and for experimen-
tal days two to four by the ongoing sodium and potassium
balances.
The balances were conducted in a staggered fashion with the
experimental group starting one day ahead of the control group.
Each animal in the control group was given the amount of diet
consumed by its weight—paired experimental animal. This per-
mitted matched food intake in the two groups since the control
animals consumed all of the diet offered. Blood was collected
by orbital puncture at the beginning of experimental day one for
determination of the pre-experimental plasma urea concentra-
tion, and at the end of the experiment for determination of the
plasma concentrations for urea, creatinine, sodium, potassium,
chloride, carbon dioxide, amino acids, and corticosterone. All
urines were analyzed for urea, sodium and potassium. Creati-
nine clearances were determined on experimental day four.
Uric acid excretion was determined in one experiment.
Protocol Al. Daily urea appearance rates during sodium
depletion
One experiment was performed using this protocol. Rats
were treated as described under protocol A with the exception
that small daily orbital punctures were performed. This permit-
ted an examination of the effect of sodium depletion on the
metabolism and renal handling of urea for each experimental
day.
Protocol A2, mu/in space, plasma [protein] and hematocrit
during sodium depletion
One experiment was performed using this protocol. During
the four days of the experiment the rats were treated as
described in Protocol A. At the end of the experiment, the
animals were nephrectomized under ether anesthesia and given
a dose of inulin through the femoral vein. One hour later a final
blood sample was obtained by orbital puncture. In addition to
the analyses described under Protocol A, hematocrit and
plasma protein measurements were made on both the blood
obtained at the beginning of experimental day one and on the
final orbital puncture sample; inulin concentration was also
determined in the later sample.
Protocol A3. Urea appearance in the post-diuretic period:
Effect of either sodium repletion or continued sodium
depletion
These studies were performed to determine whether a) so-
dium repletion would rapidly reverse the increase in urea
appearance induced by sodium depletion and b) the urea
appearance rate would remain elevated in the absence of
diuretic use during stable but severe sodium depletion. A single
experiment was performed in which diuretic—induced volume
depletion was produced in animals as described under Protocol
A with the exception that the controls were maintained sodium
replete by the addition of sodium chloride to the diet. Both
experimental and control animals were given water ad libitum.
There were 12 experimental (sodium depleted) and 12 pair—fed
sodium replete control animals.
At the end of the fourth experimental day, furosemide
treatment was discontinued and the animals were followed for
three additional days. To minimize the effect of variation in
food intake on urea metabolism during this post—diuretic pe-
riod. each day the animals were given the same amount of food
they had consumed on experimental day four. Both the exper-
imental and control animals received sufficient potassium chlo-
ride in their diet to replace urinary potassium losses. In six of
the sodium depleted animals the magnitude of the sodium deficit
was maintained constant by adding to their diet only the small
amount of sodium lost in the urine. The remaining six, sodium
depleted animals received sufficient sodium chloride in their
diet during the first post-furosemide day to replete all of their
diuretic—induced sodium losses; during the next two days, the
diet contained sufficient sodium to replace all urinary losses and
maintain the animals sodium replete. Plasma was obtained at
the beginning of experimental day one and at the end of
experimental days four and seven. All urines and plasma were
analyzed for urea, sodium, and potassium.
Protocol B. Diuretic—induced volume depletion in normal
animals tube—fed a protein—free diet
This protocol permitted examination of the effects of
diuretic—induced sodium depletion on the urea appearance rate
in the absence of exogenous nitrogen intake under conditions in
which fluid, electrolyte and caloric intake could be rigorously
controlled and nitrogen balance accurately determined.
Two experiments were performed in rats that had been
maintained on a sodium free diet for four days prior to an
experiment. The animals were then placed in metabolic cages
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Table 1. Effect of diuretic—induced sodium depletion on urea and creatinine parameters
Urea
Plasma
creatinine
Clearances
Plasma
concentration Excretiona Appearancea Urea Creatinine Urea!
mgfdl mg/day 100 g body wt mg/dl mi/mm kg body wt creatinine
Normal animals
Normal diet (Protocol A)
Control 26.4 1.1(14) 127 3.7(14) 125 3.9(14) 0.291 0.028(8) 3.16 0.12(14) 13.0 1.5(8) 0.254 0.024(8)
Na depleted 65.0 3.1(22)" 155 5.3(22)" 160 5.2(22)l 0.363 0.035(6) 1.99 0.14(14)" 10.5 0.91(6) 0.174 0.013(6)"
Protein—free tube feedings (Protocol B)
Control 27.4 1.7(15) 51.9 1.9(14) 55.3 2.1(14) 0.318 0.028(13) 1.51 0.11(14) 9.77 0.81(13) 0.163 0.017(13)
Na depleted 59.4 4.7(13)" 71.6 3.6(15)" 81.7 4.3(13)" 0.426 0.024(12)" 1.13 0.16(13) 7.83 0.41(12) 0.149 0.019(12)
Adrenalectomized animals
Normal diet (Protocol C)
Control 27.8 1.6(18) 126 3.1(18) 127 3.3(17) 0.357 0.039(18) 3.18 0.18(18) 7.79 0.55(18) 0.425 0.025(18)
Na depleted 52.0 3.4(17)" 161 3.9(18)" 165 4.2(17)" 0.364 0.021(18) 2.55 0.16(17)' 5.93 0.29(18)" 0.499 0.034(17)
All data are means SE. a Mean daily excretion or appearance of urea during a 3 or 4 day experimental period
Significantly different from control, P < 0.01", P < 0.02, P < 0.05"
and tube fed 10 ml of a 12% dextrose solution three times a day
for one control day followed by three experimental days. The
tube feeding regimen did not result in diarrhea. Urine glucose
excretion was measured in one experiment and averaged 0.87%
(range 0.01 to 2.04) of the administered load. During the three
day experimental period, the group to be sodium depleted
received furosemide, 30 mg!kg!d i.p. The tube feeding solutions
contained an amount of potassium chloride sufficient to main-
tain potassium balance, adjusted for the potassium loss associ-
ated with negative nitrogen balance, near zero. A sodium
replete control group was treated similarly except that the tube
feeding solutions also contained an amount of sodium chloride
calculated to replace urinary sodium losses. Urine and blood
were collected and analyzed, and dietary electrolyte intake
adjusted as described under Protocol A, except that all urines
were also analyzed for ammonium and creatinine; however the
balances were not performed in a staggered fashion. Because
nitrogen intake was zero, and stool excretion was minimal, the
urinary nitrogen excretion (taken as the sum of the nitrogen in
urea, creatinine, and ammonium) closely approximated the
negative nitrogen balance.
Protocol C. Diuretic—induced sodium depletion in
adrenalectomized animals fed a protein containing diet
To determine whether changes in adrenal function contribute
to the increase in urea appearance found during sodium deple-
tion, studies were performed in adrenalectomized rats. In two
experiments, the adrenal glands were removed through bilateral
flank incisions 7 to 11 days prior to the beginning of an
experiment. Following adrenalectomy, the animals were given
replacement doses of DOCA (0.2 mg/day in oil subcutaneously)
and dexamethasone (15 sg intraperitoneally on day 1 and 7
jig/day thereafter). The animals were placed in metabolic cages
three days prior to beginning an experiment and were main-
tained on the experimental diet with added sodium and potas-
sium as described under Protocol A. During the experimental
period the animals were treated as described under Protocol A.
Calculation of urea appearance
The urea appearance rate, in vivo, was calculated as the sum
of the urea excretion plus the change in total body urea during
the experimental period. The total body urea at the beginning
and end of an experiment was calculated from the plasma [urea]
at the beginning of experimental day one and at the end of
experimental day four, and the volume of distribution for urea,
which was considered equivalent to total body water [15]. In a
preliminary study, total body water (HTO space) was found to
be 72.5 1.9, 72.3 1.4 and 69.1 2.0% of animal weight in
sodium depleted, sodium replete control and normal animals,
respectively. These values are similar to those reported for
normal rats [16]. Accordingly, we have used a urea distribution
space of 71% of body weight to calculate the initial and final
urea space in both the control and experimental groups. Since
urea excretion accounted for 88 to 102% of the calculated urea
appearance rate (Table 1), the change in total body urea during
an experiment accounts for only a small fraction of the urea
appearance rate; even a large (10%) error in the estimation of
the final volume of distribution for urea would produce only a
small (1%) error in the calculation of the urea appearance rate.
Analytical methods
Ammonia and urea were determined using the indophenol
and urease—indophenol methods [17]. [Creatinine] was deter-
mined as described by Owen et al [18]; [glucose] using glucose
oxidase [19]; [chloride] using a Fiske Chlor-o-counter (Fiske
Assoc., Uxbridge, Massachusetts, USA); [bicarbonate] with a
Natelson microgasometer; [sodium] and [potassium] with an
Instrumentation Laboratory Model 443 flame photometer (In-
strumentation Labs, Lexington, Massachusetts, USA); and
[uric acid] using a uricase—colorometric method (Sigma Diag-
nostic Kit #680, Sigma Chemical Co., St. Louis, Missouri,
USA). Hematocrits were measured using micro hematocrit
tubes and the plasma protein concentration was determined
with a biuret method as described by Gornall, Bardawill and
David [20]. [Inulin] in plasma was determined by the method of
Walser, Davidson and Orloff [21]. The concentration of plasma
amino acids was determined with a Model 121-M Beckman
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Table 2. Daily changes in urea parameters during diuretic—induced sodium depletion in normal ratsa
Day 1 Day 2 Day 3 Day 4
Na Na Na Na
Control depletion Control depletion Control depletion Control depletion
Urea excretion
mg/day.IO0gbodywt 115±7.3 134±8.9 111±7.0 131±7.3 110±4.5 158± 12" 130±6.8 167± 13
Plasma ureab
mg/d! 26.4 2.8 35.6 0.89" 28.1 3.1 51.0 6.7 26.6 1.8 55.7 57d 19.9 1.3 58.8 4.9"
Urea appearance
mg/day . 100 g body wt 113 7.1 139 8.0 112 8.3 142 59 109 3.7 161 11" 125 6.2 169 13"
Urea clearance
mi/mm . kg 2.97 0.25 2.90 0.25 2.99 0.29 2.19 0.19 2.89 0.18 2.19 O.27 3.94 0.24 2.17 0.27"
Cumulative Na balance
Eq/100 body wt +73.3 28 —543 32" + 175 29 —809 33" +97.7 37 —1000 33" + 180 52 —1160 30"
All data are means SE.
Significantly different from control d P < 0.01, e P < 0.02, P < 0.05
a Animals were treated as in Protocol Al
b Plasma urea concentration for the end of each experimental day. At the beginning of experimental day I, plasma [urea] was 28.9 2.3 in the
control group and 28.3 1.9 in the group to be sodium depleted.
Urea clearance calculated using the mean plasma [urea] for each period.
amino acid analyzer (Beckman Instruments, Fullerton, Califor-
nia, USA), and plasma [corticosterone] by a competitive bind-
ing radioassay [221. Tritium was counted in a tolune/PPOITriton
X-l00 scintillation fluid using a Packard Tri-Carb Model 46-C
Liquid Scintillation system (Packard Instruments, Downers
Grove, Illinois, USA).
Statistical methods
The significance of the difference between means was calcu-
lated using Student's t-test for paired or independent samples.
Regression lines were fitted to the data by the method of least
squares and probability determined by an analysis of co-
variance [23].
Results
Effect of diuretic—induced sodium depletion on urea
parameters
The administration of furosemide for four days to rats ingest-
ing a sodium free diet (Protocol A) increased the final plasma
urea concentration to a value significantly greater (P < 0.01)
than either the pre-experimental value of 33.6 1.2 mgldl in the
same animals, or the final plasma urea concentration in the
pair—fed sodium replete controls (Table 1). When compared
with controls, sodium depleted rats had also significantly in-
creased the excretion and appearance rates for urea (P < 0.01).
Sodium depletion had increased the urea excretion rate by the
second experimental day (P < 0.01 by paired statistics) when
comparison was made with either the last pre-experimental
control day (z urea excretion 48.1 8.6 mg/lOO g body wt/day)
or urea excretion in the pair—fed sodium replete controls on the
same experimental day (z urea excretion 30.6 7.3 mg/100 g
body wt/day). Sodium depletion decreased both the urea clear-
ance rate and the urea:creatinine clearance ratio. However, in
the Protocol A studies neither plasma creatinine concentration
nor creatinine clearance were significantly changed by sodium
depletion. Thus, both an increase in the urea appearance rate,
and a decrease in the urea clearance rate contribute to the
elevated plasma [urea] of rats with furosemide—induced sodium
depletion.
Table 2 summarizes the results of an experiment in normal
animals (Protocol Al) in which the plasma [urea] was deter-
mined daily, permitting calculation of the urea appearance rate
for each experimental day. Plasma urea concentration and the
urea appearance rate were both significantly increased on the
first day of furosemide—induced sodium depletion and rose
progressively during the rest of the study. In this experiment
the urea excretion rate did not increase significantly until the
third experimental day. Urea clearance was unaffected by
sodium depletion on the first day, but fell significantly thereaf-
ter, when compared with the sodium—replete control rats.
Similar increases in plasma urea concentration, urea excre-
tion, and urea appearance also occurred when diuretic—induced
sodium depletion was produced in either adrenalectomized
animals or normal animals tube fed a protein free diet (Protocols
B and C, Table 1). In the Protocol B studies the excretion rate
(mg of N/100 g body wt/day) in the sodium replete controls and
in the sodium depleted group was similar for ammonia (3.15
0.12 vs. 2.89 0.15) and for creatinine (1.54 0.04 vs. 1.7
0.04). In the adrenalectomized animals sodium depletion de-
creased both urea and creatinine clearances, whereas in the
animals on a protein free diet sodium depletion significantly
decreased only creatinine clearance. In the latter studies the
urea clearance rate was below normal in the control group, as
has previously been described for rats on a low protein diet [24],
and did not fall significantly lower during sodium depletion.
Urea appearance in the post-diuretic period: Effect of either
sodium repletion or continued sodium depletion (Protocol A3)
To examine the effects on urea metabolism in rats with
diuretic—induced sodium depletion of continued severe but
stable sodium depletion and of sodium repletion over a 24 hour
period, we performed the experiment illustrated in Figure 1. As
shown in Figure lA, the urea excretion rate was significantly
increased in the experimental group during the four days of
diuretic treatment which resulted in a sodium deficit of 943 44
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Fig. 1. Urea excretion in the post-diuretic period: effect of persistent
sodium depletion (A) and repletion of sodium (B). The experimental
groups are shown as solid points (•) and the control groups as open
circles (0).
j.Eq/l00 g body wt. During the following three days, no diuretic
therapy was given and the animals were maintained sodium
depleted; at the end of experimental day seven sodium balance
was —959 46. Despite the absence of diuretic therapy, the
urea excretion rate in the persistently sodium depleted group
remained elevated above that in pair fed controls on days 5, 6,
and 7 (P < 0.01). The decrease in urea excretion in the control
group as the experiment progressed can be accounted for by the
reduction in food intake in these animals pair fed with the
experimental group. Plasma [ureal (mgldl) in the sodium de-
pleted group was also elevated above that in pair fed controls,
both during diuretic treatment and after diuretics were stopped
(65 5.1 vs. 37.2 3.9, p < 0.01 at the end of day 4, and 47
3.1 vs. 34.6 1.7, P < 0.01 at the end of day 7). Both during
diuretic administration and in the post-diuretic period, the mean
urea appearance rate (mg/day/100 g body wt) was higher in the
sodium depleted animals than in the pair fed controls (days 1 to
4175 8.1 vs. 132 7.7, P <0.01; days 5 to 7159 10 vs. 112
4, P < 0.01).
On days six and seven in the post-diuretic period, the
increase in urea excretion in the sodium depleted group above
that in pair fed controls was smaller than that found on the last
day of diuretic treatment (Fig. 1. P < 0.05 by paired statistics).
The increase in plasma [urea] (mgldl) in the sodium depleted
group above that in the pair fed controls was also smaller at the
end of day seven (+ 12.4 4) than at the end of day four (+27.8
5.8), however the change was not significant (P < 0.1). The
combination of a significant decrease for urea excretion and a
borderline significant decrease for the plasma [urea] in the
experimental group compared with the controls, suggests that
despite stable and severe sodium depletion, stopping diuretics
may have blunted the effect of sodium depletion to increase the
urea appearance rate. Unfortunately, because daily plasma urea
measurements were not obtained, we are unable to compare the
urea appearance rates on days six and seven with that present
on day four.
In the studies shown in Figure lB the animals were repleted
of their sodium deficit during the 24 hours following the
discontinuation of diuretic treatment by the addition of sodium
chloride to their diet. During this transitional day, the urea
excretion rate remained significantly elevated above that in the
pair fed controls and sodium balance was corrected from —946
37 to + 192 55. Thereafter, the urea excretion rate in the
experimental group was reduced to a level not different from
that in the control group. The changes in plasma [urea] and in
the urea appearance rate paralleled those for urea excretion.
The plasma [urea] (mg/dl) in the sodium depleted group was
significantly elevated above that in the pair—fed control group at
the end of experimental day 4(61.3 3.7 vs. 36.7 2.1, P <
0.01) but had returned to a value not different from control at
the end of experimental day seven (35.9 1.3 vs. 38.3 3.1).
The urea appearance rate (mg/lOO g body wt/day) in the
experimental group was elevated significantly above that in the
pair fed controls during experimental days one to four (172
7.3 vs. 131 7.7, P < 0.01) but had returned, during experi-
mental days five to seven, to a value not different from that in
the pair fed controls (119 6.7 vs. 114 6.5). Thus, increased
urea appearance during sodium depletion a) occurs during both
acute and chronic sodium depletion and b) is rapidly reversed
following complete repair of the sodium deficit.
Plasma electrolytes and corticosterone and uric acid
excretion
When compared with the sodium replete controls, sodium
depleted animals tended to have decreased plasma concentra-
tions for sodium, chloride, and carbon dioxide and an increase
in the plasma potassium concentration (Table 3). In the studies
with rats consuming a protein free diet (Protocol B), sodium
depletion significantly increased the plasma potassium concen-
tration despite negative potassium balance in this group (Table
4). Plasma corticosterone concentration was increased in the
sodium depleted normal rats (Protocol A) when compared with
the sodium replete control rats (20.8 4.1 (7) vs. 8.34 2.8 (7)
ig/dl, P < 0.01).
The excretion rate for uric acid, another end product of
nitrogen metabolism, determined in one experiment in normal
rats (Protocol A), was found to be similar in sodium depleted
(619 144) and sodium replete control animals (638 92 jsg/lOO
g body wt/day).
A
200
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Table 3. Plasma electrolytes, mM/liter
Sodium Potassium Chloride Carbon dioxide
Normal animals
Normal diet (Protocol A)
Control 135 2.3(21) 4.19 0.13(21) 103 1.1(21) 17.3 0.81(20)
Na depleted 132 2.5(19) 4.43 0.12(19) 95.8 1.1(19)a 16.3 1.0(18)
Protein—free tube feedings (Protocol B)
Control 133 2.8(14) 3.96 0.104(14) 106 1.5(11) 18.6 0.59(14)
Na depleted 127 1.9(12) 4.80 0.14(12)a 106 7.4(8) 16.9 0.76(13)
Adrenalectomized—normal diet (Protocol C)
Control 139 0.60(18) 4.62 0.86(18) 93.9 1.4(17) 22.0 0.35(18)
Na depleted 134 0.61(l7)e 5.41 0.11(17) 90.2 l,02(18)b 19.0 0.45(18)a
All data are means SE
Significantly different from control, P < 0.01, P < 0,05b
Table 4. Sodium and potassium balances, pEq/lOO g body wt
Sodium Potassium
Normal animals
Normal diet (Protocol A)
Control + 159 75 (14) —13.8 31(14)
Na depleted —1162 43 (14) —175 49 (14)
Protein—free tube feedings (Protocol B)
Control +55.6 28(14) —57.1 21(14)
Na depleted —831 42 (l5) —233 30 (15)
Adrenalectomized—normal diet (Protocol C)
Control +245 51(19) +101 44(19)
Na depleted —1248 42 (19) +9.8± 47 (19)
All data are means SE
Significantly different from control, P < 0.OP
Sodium and potassium balances, urine volume and animal
weights
Significant sodium depletion in the range of 800 to 1250
p.Eq/100 g body wt was achieved in the experimental group
using all three protocols (Table 4). Almost half of the total
negative sodium balance in the experimental group (Protocol A)
was achieved by the end of the first day (Table 2). In the
experiments performed in nonadrenalectomized animals (Pro-
tocols A & B), potassium balance was moderately negative in
the sodium depleted groups when compared with the sodium
replete controls. In the studies with adrenalectomized animals
(Protocol C) potassium balance was similar in the control and
experimental groups.
When the animals consumed a diet containing protein (Pro-
tocols A & C), urine volume was significantly higher (P < 0.01)
in the sodium replete controls than in the sodium depleted
group (10.7 0.8 vs. 8.23 0.3 in Protocol A studies and 11.7
0.8 vs. 8.13 0.5 ml/100 g body wt/day in the Protocol C
studies). When the animals were tube fed a protein free diet,
urine volume was similar in the sodium replete control and
sodium depleted animals. During consumption of a diet con-
taining protein (Protocol A), fluid (saline) intake in the sodium
replete controls was significantly higher than water intake in the
sodium depleted group (13.9 0.8 vs. 10.4 0.4 ml/100 g body
wt/day, P < 0.01).
Food intake (gIlOO g body wt/day) was below normal in both
the sodium depleted animals and their pair—fed sodium—replete
controls(3.75 0.15 and3.85 0.l8inProtocolAand4.ll
0.14 and 4.12 0.14 in Protocol C). Weight loss per animal
during the experimental period was greater (P < 0.01) in the
sodium depleted groups (L weight —7.18 0.3, —7.96 0.55,
and —5.97 0.57 g/day, respectively in Protocols A, B, C)
when compared with the sodium replete controls (—1.2 0.57,
—5.3 0.4, and —1.1 0.42 g/day). The large weight loss in the
sodium depleted animals is consistent with the volume deple-
tion in this group coupled with a reduction in food intake
compared with that during the pre-experimental period. The
unchanged body weight during the experiment in the sodium
replete controls given a protein containing diet (Protocols A &
C) is the net effect of positive sodium balance (Table 4) and the
decreased food intake. The large weight loss in the control
group of the Protocol B studies is due to the low food intake
(1.68 0.04 g of glucose/lOO g body wt/day) and the absence of
dietary protein.
Plasma amino acids
Total plasma amino acid nitrogen concentration was not
significantly affected by sodium depletion in either intact or
adrenalectomized animals (Table 5). However, sodium deple-
tion did significantly increase the plasma concentration of
hydroxyproline in the intact animals, and that for taurine,
valine, leucine, histidine, aspartate, hydroxyproline, and me-
thionine in the adrenalectomized animals.
Relation of urea appearance rate to sodium and potassium
parameters
There was a significant negative correlation between sodium
balance and the urea appearance rate in the studies done with
all three protocols (Fig. 2). When the animals were consuming
a diet containing protein, the regression of urea appearance on
sodium balance was similar in the studies with normal (y =
0.029x + 130) and adrenalectomized animals (y 0.025x +
130); the slopes were not significantly different when examined
by an analysis of covariance. However, when normal animals
were tube fed a protein free diet, while the slope of the
regression (0.032 0.004 SE) was not significantly different
from that found in normal animals consuming a diet containing
protein (0.029 0.005), the intercept was significantly lower (P
<0,01). Thus, the absolute increment in the urea appearance
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Table 5. Plasma concentration (mg N/liter) for the amino acids affected by sodium depletion
Nor
P
mal animals
rotocol A
Adrenalectomized
Protocol C
Sodium Sodium
Controls depleted Controls depletedN=l6 N=l2 N=15 N=l3
Taurine 3.64 0.28 4.39 0.40 2.48 0.20 3.71 0.20a
Aspartic acid 0.389 0.02 0.441 0.04 0.390 0.03 0.494 005b
Hydroxyproline 0.439 0.05 0.711 0.08a 0.357 0.05 0.405 0.06
Valine 2.35 0.15 2.41 0.22 2.23 0.25 3.18 0.19a
Methionine 0.838 0.05 1.03 0.12 0.608 0.03 0.728 003b
Leucine 2.12 0.20 2.26 0.14 1.75 0.15 2.15 0.13
Histidine 2.98 0.12 3.39 0.18 1.83 0.16 2.44 0.lla
Total amino acid-N 103 2.6 107 3.1 89.4 3.2 95.4 2.7
There were no significant effects of sodium depletion on the plasma concentrations of threonine, serine, asparagine, glutamic acid, glutamine,
proline, glycine, alanine, citrilline, isoleucine, tyrosine, phenylalanine, ornithine, lysine and arginine.
Significantly different from control a P < 0.01, b P < 0.02
—1600 —800 0 800 —1600 —800 0 800
Final sodium balance, jsEq1OO gbw
Fig. 2. Relation of the mean daily appearance rate to final sodium
balance in normal and adrenalectomized animals ingesting a normal
diet (I 0) and in normal animals tube fed a protein free diet (A A). The
filled symbols represent sodium depleted animals and the open symbols
sodium replete controls.
rate per mEq of sodium depletion in animals given a protein free
intake was similar to that found in animals consuming a diet
containing protein. However, at any given sodium balance,
animals consuming a protein free diet had a lower urea appear-
ance rate than did animals given a diet containing protein.
Sodium balance in the sodium replete control groups of the
nine experiments summarized in Tables 1, 2 and 6, and Figures
1 and 2 was negative in one experiment (—59 18), zero in two
experiments (59 27, 52 51) and positive in six experiments
(179 52, 511 143, 178 78, 320 59, 195 68 and 111
23 sEq/10O g body wt). In all nine experiments the urea
appearance rate was significantly increased (P < 0.01) in the
sodium depleted group when compared with the sodium replete
control group. Thus, the greater urea appearance rate in the
sodium depleted animals is not a consequence of positive
sodium balance in the control group. This is also apparent in
Figure 2 if one compares the urea appearance rate in the sodium
depleted animals with that found at zero sodium balance.
The urea appearance rate also tended to correlate negatively
with potassium balance and plasma sodium concentration, and
positively with plasma potassium concentration, however the
results were inconsistent. There was a significant correlation (P
<0.02) for the relation between the urea appearance rate and
potassium balance in the studies performed using protocols A
and B, but not in the protocol C studies (r = 0.25). Plasma
potassium concentration correlated significantly (P < 0.01) with
the urea appearance rate in the studies performed using proto-
cols B and C, but not in the protocol A studies (r = 0.28).
Plasma sodium concentration correlated significantly (P < 0.01)
with the urea appearance rate in the protocol A and C studies
but not in the protocol B studies (r = 0.11). Thus, the only
consistent correlation for the urea appearance rate was with
sodium balance.
Plasma [protein], hematocrit and mu/in space
The changes in plasma [protein], hematocrit, and inulin space
during an experiment with normal fed animals (Protocol A)
suggest that extracellular fluid volume was 16 to 18% lower in
the sodium depleted animals when compared with sodium
replete controls (Table 6). In normal rats there are 273 Eq of
exchangeable sodium per milliliter of inulin space [251. If the
decrease in exchangeable sodium in the sodium depleted ani-
mals is proportional to the reduction in the inulin space, the
mean exchangeble sodium would have been reduced by 3.41
mEq when compared with the sodium replete controls. This
calculated decrease in exchangeable sodium is comparable to
the difference in total body sodium of 3.66 mEq/animal pre-
dicted from the measured external sodium balances. Thus, both
the measurements of extracellular fluid volume and the external
sodium balances demonstrate a simlar large sodium deficit in
the experimental group equivalent to about 30% of the total
body sodium.
Discussion
Along with a decrease in urea clearance, increased urea
production was a major factor contributing to the azotemia
observed in diuretic treated animals. Increased urea appearance
accounted for 30 to 35% of the plasma urea elevation which
occurred during sodium depletion in normal animals fed a diet
containing protein and 50 to 60% of the plasma urea elevation
Normal animals Adrenal ectomized
animals
200
150
a 100
a)
a.)
J50
r=082
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Table 6. Changes in hematocrit, plasma proteins and inulin space during sodium depletion in fed normal animals (Protocol A, N = 7 to 8)
Initial Final
Control Sodium depletedControl Sodium depleted
Hematocrit
%
Plasma protein
g/dl
Animal weight
g
Inulin space
mi/animal
Sodium balance
/.LEq/animal
Urea appearance
mg/day 100 g
body WI
51.6 0.78
6.55 0.13
284 1.6
—
—
—
52 0.5
6.87 0.09
284 0.9
—
—
—
47.6 0.94"
6.21 0.ll—_ ,,____-7.44 0.11"
290 25b
53.8 l.7-.._
,,__-41.3 1.1
+560 170--., 108
129 8.0.._
_172 6.2
a Significantly different from control P < 0,01
b Significantly different from initial value P < 0.01
Mean daily urea appearance rate during the 4 experimental days
which occurred in animals that were either adrenalectomized or
tube fed a protein free diet. The increase in urea appearance is
not due to the diuretic per se as furosemide was also given to
the control group where no increase in urea appearance oc-
curred. In addition, similar changes in the excretion, clearance
and appearance rates for urea, and in the plasma [urea] were
observed in rats sodium depleted with chlorothiazide (results
not shown). During studies of sodium depletion in man, Mc-
Cance [3] observed a 25 to 30% increase in nitrogen appearance
(urine nitrogen excretion plus urea nitrogen retention) in two
normal subjects depleted of 35 to 40% of exchangeable sodium
through sweating. These changes in nitrogen metabolism are
quantitatively similar to those observed in the present study in
the rat at a comparable degree of sodium depletion. Conversely,
Leaf and Coulter [26] and Blom van Assendelft and Dorhout
Mees [27] found the urea appearance rate to be decreased in
man during the administration of a high sodium intake.
The above studies of sodium depletion in man suggest that
our observations on nitrogen metabolism during diuretic in-
duced sodium depletion in the rat would also apply in man. Dal
Canton and co-workers [28] have recently examined urea
metabolism in uremic patients during diuretic therapy. They
found a 38% increase in the urea appearance rate on the first
day of diuretic therapy but noted return of the urea appearance
rate to control values with continued diuretic treatment during
a six day experiment. The results differ from our own in that we
found the urea appearance rate to increase progressively during
diuretic therapy and to remain elevated above control for three
days when sodium depletion was maintained stable after di-
uretic therapy had been discontinued. The different results in
the studies of Dal Canton et al may be related to the presence of
uremia in their patients, or to the lower dose of furosemide (ito
4 vs. 20 to 30 mg/kg/day) and lesser degree of sodium depletion
(10% vs. 35%).
The normal liver has a large reserve capacity for urea
production and increases in urea synthesis in vivo are usually
attributed to an increase in the delivery of the amino acid
precursors of urea to the liver [29—3 1]. However, in addition,
the hepatic content of the enzymes for amino acid metabolism
and urea production may also increase due to stimulation by
hormonal factors including glucagon, catecholamines, angioten-
sin, antidiuretic hormone, and glucocorticoids. By either mech-
anism, increased urea appearance in vivo would be associated
with an enhanced uptake of amino acid nitrogen by the liver.
We found the plasma concentrations for threonine, serine,
glycine, alanine, lysine, and glutamine, the major amino acids
extracted by the splanchnic bed, and that for total amino acid
nitrogen not to be decreased by sodium depletion in either
normal or adrenalectomized animals. This suggests that the
enhanced uptake of amino acids by the liver during sodium
depletion is matched by an increased rate of amino acid release
from peripheral tissues. This conclusion is supported by sepa-
rate studies from this laboratory in eviscerated—hepatectomized
rats [14]. By removing the splanchnic bed as a major site of
amino acid uptake, this procedure unmasked a twofold increase
in the release of amino acid nitrogen by peripheral tissues
during sodium depletion. Das and Waterlow [32] observed a
significant increase in the activity of the hepatic enzymes of
amino acid metabolism and urea synthesis in the rat within 18
hours of instituting a high protein diet. Thus, in addition to
increased release of amino acids from peripheral tissues, en-
hanced activity of hepatic urea cycle enzymes may also have
occurred during the time period of our studies and may have
contributed both to the increase in urea appearance and to the
maintainence of normal levels of plasma amino acids.
In our experimental group, furosemide therapy would have
resulted in chloride as well as sodium depletion, and in a
reduction in extracellular fluid volume. Leaf and Coulter [26]
found the urea appearance rate to fall when large amounts of
either sodium chloride or sodium citrate were added to the diet
of normal subjects. These results suggest that the increase in
urea appearance found in our sodium depleted animals was not
related to chloride depletion per Se. The effects of sodium
depletion on nitrogen metabolism may be mediated by the
associated changes in extracellular fluid volume. During severe
sodium (and extracellular fluid volume) depletion a number of
homeostatic responses occur that are known to influence nitro-
gen metabolism. These include increased secretion of catechol-
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amines, renin, adrenal steroids, glucagon and antidiuretic hor-
mone [33—361.
Our observation that in adrenalectomized animals the urea
appearance rate is still increased by sodium depletion indicates
that epinephrine, glucocorticoids, and aldosterone are not the
major determinants of the increase in the urea appearance. This
conclusion is consistent with previous studies in dogs in which
infusion of epinephrine at both high and low doses failed to
increase the urea production rate [37]. In addition, both epi-
nephrine and norepinephrine have been found to inhibit rather
than stimulate the release of alanine and glutamine when these
hormones were added to rat skeletal muscle in vitro [38]. It is
also unlikely, therefore, that norepinephrine enhances the re-
lease of amino acid precursors of urea production from skeletal
muscle in vivo through a direct action in this tissue. However,
norepinephrine could influence nitrogen metabolism directly
through stimulation of hepatic urea synthesis [39] or indirectly
because of its potent effects on blood flow in peripheral tissues.
Leaf and Coulter [26] and Conn [4] hypothesized that sodium
depletion increased protein catabolism and urea production
through stimulation of adrenal steroid secretion. Our observa-
tion that adrenalectomized animals responded to sodium deple-
tion in a manner similar to intact animals suggest that factors
other than an enhanced secretion of adrenal steroids must be
invoked to explain the increased rate of urea appearance during
sodium depletion. Although we observed an increase in plasma
[corticosterone] during diuretic—induced sodium depletion in
normal animals, this does not indicate a role for glucocorticoids
in the regulation of sodium balance, but rather reflects a
nonspecific adrenal response to the stress associated with
volume depletion. Similar increments in plasma corticosterone
have previously been observed following the institution of low
sodium diets in both birds [40] and rats [41].
In patients with pre-renal azotemia secondary to cardiac
failure, increased urea production is a major factor contributing
to the elevated plasma urea concentration [11—13]. The obser-
vation that these patients also have elevated serum levels for
CPK, SGOT and aldolase has led to the suggestion that the low
cardiac output results in increased proteolysis in skeletal mus-
cle due to poor tissue perfusion and a secondary increase in
urea synthesis [11, 12]. Volume depletion of the magnitude
produced in our studies may also decrease cardiac output and
increase peripheral resistance [33, 42]. The simlar effect of heart
failure and diuretic—induced volume depletion on the urea
appearance rate suggests that a common mechanism influencing
nitrogen metabolism may be operating in the two states.
In conclusion, an increase in the urea appearance rate con-
tributes significantly to the azotemia seen during diuretic—
induced sodium depletion in the rat and presumably makes a
similar contribution to diuretic induced azotemia in man. The
enhanced urea appearance during depletion of sodium (and
extracellular fluid volume) is associated with, and at least in
part due to an increased release of amino acid nitrogen from
peripheral tissues. The magnitude of the increment in the urea
appearance rate is sufficiently large to implicate skeletal mus-
cle, the major reservoir for both amino acid and protein
nitrogen, as a site of enhanced proteolysis. The increased net
proteolysis in skeletal muscle could be secondary to stimulation
of protein degradation by muscle lysosomes [43] and/or dimin-
ished protein synthesis [44]. Elucidation of the mechanism and
physiological significance of these metabolic changes would
permit a better understanding of the pathophysiology and
treatment of volume depletion and of severe cardiac failure
where negative nitrogen balance and cachexia are commonly
observed [45]. Further studies of the hemodynamic, morpho-
logic, humoral and biochemical responses to volume depletion
will be required to clarify the mechanism and functional signif-
icance of these changes in nitrogen metabolism. These studies
indicate that sodium balance and extracellular fluid volume are
important variables which need to be controlled when the
effects of other variables (such as diet, hormones, etc.) on urea
metabolism are examined.
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